Measurements of contact angle of ethanol-water solutions were performed on crystalline silicon and on mesoporous silicon films with porosities up to ∼72%. Water contact angles of 44
Introduction
Porous silicon has many applications in optoelectronics and related devices [1] . It was first suggested as a material for humidity sensing by O'Halloran in 1995 [2] and by 2009 had become used in a commercial system for measuring air quality [3] . When treated with a fluorinated coating, porous silicon becomes superhydrophobic, as shown by a large water contact angle of approximately 160
• [4] [5] [6] [7] , and can be used as a water-repellent material.
Contact angle studies have been performed on the crystalline and porous forms of silicon [8] [9] [10] and on related nanostructured silicon surfaces [11] [12] [13] [14] [15] [16] . Most studies on the porous variety have focused on measurement of water contact angle on microporous silicon [6, 8, 17] or macroporous silicon [1, 5, 10] . Contact angle measurements have also been performed on mesoporous silicon films. For freshly-prepared (H-terminated) films, water contact angles of over 100
• were observed [7, 18, 19] . In addition, Muñoz-Noval et al [19] found that their results were consistent with the Wenzel model of wetting [20] .
One of the first measurements of the contact angle of ethanol-water mixtures was made by Hoke et al [21] who studied ethanol-water mixtures on paraffin, teflon and polystyrene surfaces in order to characterize the wettability of military fabrics. More recent studies include the measurement of ethanol-water contact angles on silicon nanowires [22] , surfaces made up of PDMS-Si 3 N 4 microstructures [23] and zinc oxide nanostructures [24, 25] .
While there exists a significant body of literature concerning contact angles of ethanol-water mixtures and contact angles of water on various types of silicon surfaces, the behaviour of ethanol-water mixtures on porous silicon has not yet been investigated. The aim of the present work is to complement existing studies by investigating the contact angle of ethanol-water mixtures on mesoporous silicon films.
Theory
Contact angle was first discussed by Young [26, 27] , who related it to solid-vapour (γ SV ), solid-liquid (γ SL ), and liquidvapour (γ LV ) interfacial surface energies, according to
Contact angles on rough surfaces were studied by Wenzel [20] . This model ( figure 1(a) ) relates contact angle on a rough surface, θ W , to the Young contact angle, θ Y , and is given by where r W is the area ratio of structured surface to planar surface [5] . Cassie and Baxter expanded upon Wenzel's model to allow for measurements of porous surfaces [28] . If a water droplet does not entirely wet the rough surface and leaves pockets of air between the droplet and the substrate, then the observed contact angle is influenced by the fraction f of the droplet that is actually in contact with the surface, as shown in figure 1(b) . This contact angle is given by the Cassie-Baxter equation [28] :
Experimental details
The crystalline silicon sample used in this study was taken from an untreated prime grade (1 0 0) oriented B-doped wafer with resistivity of 0.005-0.02 cm. The sample size was ∼ 4 cm 2 . Mesoporous silicon samples were prepared by electrochemical etching of crystalline silicon, as above, in a 1 49% HF: 1 C 2 H 5 OH electrolyte in a PTFE cell under constant current. Prior to etching, the samples were immersed in concentrated HF to remove native oxide. Etching currents in the range 7-200 mA cm −2 were used to produce samples of different porosities up to 72%, as shown in table 1. These porosities were determined by gravimetric measurements on similarly prepared films. The etching time was set in each case to yield a film of thickness ∼5 μm. Two samples of each porosity were fabricated, with the exception of the 6.76 mA cm −2 film for which a single sample was prepared. The etched surface area of the samples was ∼1.4 cm 2 . Ethanol-water solutions with ethanol concentrations up to 95% by volume were prepared by mixing nanopure water (resistivity 18.2 M cm) and ethanol to a total volume of 10 mL in a clean beaker. Drops were carefully placed on the films using a small hypodermic needle while avoiding the edges and areas where drops had been previously placed. The volume of each drop used was a few mm 3 , similar to those shown in figure 2.
Contact angles were measured using a webcam (Logitech 9000) which was set up so that only the cross-sectional area of the drop was visible. The camera was connected to a personal computer and ImageJ software was used to determine the contact angle as well as the size and volume of each drop. One drop of water on crystalline silicon was used for a series of pictures to show that the measurements of angle were independent of the camera zoom used. All trials were repeated with the exception of those for the crystalline silicon samples and the film formed at the lowest current density.
For the mesporous silicon films, contact angles were measured within 12 days after fabrication, and thus it is likely that some oxidation of the surface occurred. Subsequent ethanol-water contact angle measurements on each film were performed in quick succession (minutes), ensuring that each solution interacted with essentially the same surface. Figure 2 shows the contact angle of water on untreated crystalline silicon as a function of drop volume. It can be seen that the contact angle is independent of drop size, being equal to 44
Results

Crystalline silicon
• ± 3
• . This relatively low value of contact angle indicates the presence of a native oxide coating and is consistent with previous studies. For example, Nagayama et al [5] measured 47.2
• on crystalline silicon coated with a 100 nm PVCD SiO 2 film for drops of volume 4 mm 3 . Also, Muñoz-Noval et al [19] measured an angle of approximately 55
• on untreated crystalline silicon.
Contact angles were also measured for ethanol-water solutions on both HF-dipped and untreated crystalline silicon. Figure 3 shows that contact angle decreases from ∼80
• for water (surface tension ∼72 mN m −1 ) on HF-dipped silicon, consistent with other measurements on crystalline silicon [5, 19] (measured approximately 24 hours after dipping), to ∼ 27
• at an ethanol concentration of 80% (surface tension ∼24 mN m −1 ). At higher ethanol concentrations the contact angle was found to approach zero. Similar behaviour was observed for freshly dipped crystalline silicon over the concentration range investigated (up to an alcohol concentration of ∼ 30%). In contrast, ethanol-water contact angles on untreated crystalline silicon were found to be smaller, as shown in figure 3 . This is as expected for crystalline silicon with a native oxide coating [5, 19] . Figure 4 shows a series of ethanol-water droplets on 40% mesoporous silicon. It can be seen that the contact angle decreases monotonically with increasing ethanol content. For pure water the contact angle is approximately 55
Mesoporous silicon
• ( figure 4(a) ), decreasing to approximately 20
• for a 28.5% ethanol solution ( figure 4( f ) ). This behaviour is representative of all samples used in the present study. Figure 5 shows contact angle of ethanol-water solutions for a series of mesoporous silicon films of different porosities as a function of ethanol concentration. In all cases the contact angle is seen to decrease with increasing ethanol concentration.
The maximum contact angle measured (at 60% porosity) was 78
• for pure water. In contrast, Muñoz-Noval et al [19] have reported water contact angles of over 100
• on mesoporous silicon. Also, Sailor [29] measured a contact angle of 100
• on H-terminated porous silicon prepared from heavily doped p-type crystalline silicon. These differences are most likely due to differences in surface chemistry, in particular, the probable partial oxidation of the surfaces of our mesoporous films. On macroporous silicon Liu et al [10] measured a contact angle of ∼ 60
• , while Kovacs et al [6] measured angles in the range 75
• -105
• for samples of microporous silicon, the contact angle increasing slightly with porosity.
The behaviour of ethanol-water solutions on mesoporous silicon differs from that on crystalline silicon in two important respects. Firstly, it can be seen that the contact angle on mesoporous silicon is more sensitive to changes in ethanol concentration than for both untreated and HFdipped crystalline silicon ( figure 3) . Secondly, at ethanol concentrations above ∼ 40% (surface tension ∼31 mN m −1 ) the contact angle abruptly drops to an immeasurably low value. This behaviour, which is consistent with the predictions of equation (2) (shown to apply to mesoporous silicon [19] ), was not observed for untreated crystalline silicon and not for HF-dipped crystalline silicon until an ethanol concentration of ∼ 75% was reached ( figure 3) .
We have measured pure water contact angles in the range 56
• -78
• . If we assume that the surfaces of our samples are completely oxidized, applying equation (2) with θ Y = 44
• yields a non-physical value for r W (less than 1). On the other hand, if we assume that the samples are H-terminated, equation (2) with θ Y = 76
• yields 1 r W 2.5. This may be compared to the results of Muñoz-Noval et al [19] who obtained r W ∼ 5 for mesoporous silicon. Figure 6 shows a series of pure water drops on 30% to 72% mesoporous silicon. As can be seen in figure 6(b) , the contact angle is smallest (56
• ) at a porosity of approximately 40%. Interestingly, this turns out to be the case not just for pure water, but for nearly all ethanol-water solutions used in the present study, as is evident in figure 7 which shows contact angle plotted against etching current density. As can be seen, at low current densities (i.e. low porosities) the contact angle for each solution is relatively high and decreases to a minimum at ∼25 mA cm −2 (corresponding to a porosity of approximately 40%), above which it remains nearly constant. This behaviour, which is independent of surface tension because it happens for all ethanol-water solutions, can be understood in terms of the Wenzel model as follows: at low current densities, r W increases rapidly to a maximum value at a current density of ∼25 mA cm −2 , implying a commensurate increase in specific surface area of the mesoporous film. At larger current densities, r W remains approximately constant and hence so must the specific surface area of the film. This is in accord with intuition as one expects a relatively low specific surface area for films of low porosity, increasing to a maximum at some higher, but intermediate, porosity. In fact, it has been shown that the specific surface area of this type of porous silicon varies little over the porosity range 37%-70% [30] [31] [32] . Our result is also consistent with that of Halimaoui [33] in the sense that a maximum in specific surface area occurs at a porosity of 50% for microporous silicon.
Summary
The results obtained in this work reveal contact angle behaviour for ethanol-water solutions on crystalline silicon and mesoporous silicon films and, furthermore, are consistent with the Wenzel model for rough surfaces. Moreover, it may Contact angle versus etching current for different ethanol-water solutions. The legend in the upper right identifies the solutions, where the first and second numbers are the volumetric percentage amounts of water and ethanol, respectively. Each data point is an average of two measurements, with the exception of the point at the lowest current density. The uncertainties associated with each contact angle are estimated to be ±1
• .
be possible to use the approach presented here to determine relative specific surface area of mesoporous films.
